Introduction
Since the introduction of its concept (van der Lugt, 1964) , optical correlators have been mainly applied to target tracking and military applications. Such applications are of interest because of the real-time translation invariant properties of the correlation. With the recent introduction of commercially available devices such as INO's OC-VGA3000, illustrated in Plate 1, the global picture is now changing. Applications are more oriented toward industry and there is no doubt that the years of research invested in filter and algorithm development will rapidly benefit industrial application.
Background
An optical correlator takes advantage of the powerful capabilities of light to perform realtime computation. Figure 1 illustrates the operation of an optical correlator. The light beam incoming from the laser source is directed through a first set of lenses to expand its diameter. Then, the first liquid crystal television (LCTV) is illuminated to inject the image from the outside world in the correlator. For instance, the image would come from the camera looking at a tool on a conveyor. The thus modulated beam will then undergo a first Fourier transform by passing through the first Fourier lens. The Fourier transform is performed simply by the propagation of the light and as such is realised very rapidly.
It is an inherent property of a lens to perform a Fourier transform on an input image, that will be observed at the front focal plane of the lens, provided that this image is displayed at the back focal plane of the lens (Goodman, 1968) . Although any lens can be used to perform this Fourier transform, a careful optical design is required to ensure wavefront uniformity and diffraction-limited design. For this reason, instead of using a single lens, a Fourier lens is usually composed of different single-lens elements (from two to five). The mathematics behind the optical realisation is equivalent to the exact Fourier transform function and can be as such modelled with standard fast Fourier algorithms.
The optically-computed 2D Fourier transform signal will cross the filter plane. It is on this LCTV that the reference template corresponding to the searched object (the target) will be displayed. In fact it is the Fourier transform of the reference template that is recorded. So after travelling through this second LCTV, a multiplication of two Fourier transforms is obtained. In the spatial domain this will correspond to a correlation. In order to achieve this operation a second Fourier lens is used and the beam exits the optical system in a parallel way. The CCD camera is the last component of the correlator and detects the intensity all over the correlation plane. Basically this system is limited only by the refreshing rate of the LCTV, because the computation itself is realised by the light.
It is to be noted that the processing time is not dependent on the size of the LCTV; that is the system can eventually be upgraded with higher resolution LCTVs without increasing the processing time.
Filter generation is probably the simplest part of the correlation process although it may sometimes not seem so. The reference template is generated in a few steps, the first one being to acquire an image of the target, to extract the target itself from the background and to insert it into a black image (zeropadding). A Fourier transform of the object is then realised. The Fourier transform is a complex image, for a phase-only filter only the phase information is kept and the phase (in between zero and 2%) is mapped in between 0 and 255. The grey level image obtained is then simply displayed on the filter LCTV through a standard VGA signal.
Physically, the LCTV operating voltage level will provide the phase operation; that is the grey level displayed (corresponding to the voltage applied) on each pixel will induce a phase variation in the path of the light. When the light beam is transmitted through the LCTV, each part of the beam observes a different phase change. As such the Fourier transform displayed on the LCTV is multiplied with the incoming beam (which corresponds to the input object's Fourier transform) and the correlation is performed.
As mentioned before one can either generate a different filter by editing the input image used as a reference template or edit the Fourier transform displayed on the LCTV filter. Both methods can be made mathematically equivalent and both show advantages.
Practical considerations
To be included in a vision system an optical correlator obviously needs to be fully integrated, rugged and affordable, but at the same time it needs to be compatible with existing standards in the industry. This latter condition is essential to give the end-user the opportunity to easily incorporate the system in a practical application. INO (Sainte-Foy, Canada) recently introduced a compact version of an optical correlator with refresh rate of 30 frames/second. The area processed corresponds to 512 Â 480 pixels. The correlator, compatible with video standard (NTSC) and computer graphics (VGA), comes with an easy-to-use interface. This reduces to a minimum the effort to interface the correlator to standard computer devices. The price of INO's OC-VGA3000 to date is US$29,400.
Quality control
Correlation is a global operator that takes into account all the information in an object and compares it to all the information in a reference template. Quality control often refers to comparing the aspect of a manufactured object (target) to an ideal object (reference template). If the target does not correspond exactly to the reference template a reduction of the correlation value will be observed; however, the correlation peak itself will still be present and indicate the position of the object. Using this property an optical correlator can evaluate in real-time the degree of similarity between a given object and a template simply by locating and evaluating the height of a correlation peak.
In the same way, an occluded object will show a lower correlation peak but its location will still be the same, only the value of the correlation peak will decrease in proportion to the area of the object that is occluded. In fact an occlusion can be considered as a defect of an object. This explains the same behaviour of the correlation in both cases.
Filtering, defect detection
In its most common use a matched filter is used in the filter plane. A matched filter corresponds to the complex conjugate of the Fourier transform of the reference template. Different filters can be derived from this original filter. Among these, keeping only the phase information of the Fourier transform will provide a phase-only filter (Horner, 1982) that shows sharp correlation with a high discrimination ratio. The basic operation principle of an optical correlator is still to perform a filtering operation. As such the correlator can be used for image filtering operations (Blanchard et al., 2000) . For instance, most textiles are of a spatially periodic pattern, that appears in the frequency plane at specific, well defined locations. The defects, however, will be more largely spread on the overall frequency plane. The attenuation of the``correct frequencies'' will leave the output image with intensities corresponding mostly to the frequencies of the defects. As such the output filtered image will show mostly the defects of the object. Figure 2 illustrates web defect detection with a correlator operated in the filtering mode. It can be seen that defects in the textile are enhanced and detected with the filtering operation, as the textile is mostly a periodic pattern.
Such applications differ slightly from the standard correlation-recognition process in which the object searched for is well defined and looks almost always the same. In the case of spatial filtering usually the defect is not very well defined but is searched for instead within the textile itself which is fully characterised.
Spatial filtering, however, requires the ability to be able to operate the filter LCTV in phase mode for correlation and amplitude mode for filtering. Such different characteristics can be obtained by remotely controlling the operating voltage levels applied to the liquid crystal cells.
Position, scale and rotation evaluation
Most of the vision systems are presently addressing simple problems but face difficulties when confronted with slightly more complex applications. Among the problems which are harder to face is the position evaluation tolerance with changes of the object angle and of the optical scale. The position of a correlation peak corresponds to the location of the object centre. Surprisingly, the variant behaviour of the correlation with scale and rotation can be used as a strong advantage mainly for quality control, rotation and scale evaluation. For instance when an object is rotated or scaled the correlation value will decrease with the value of change. As such, monitoring the value of the correlation peak gives an evaluation of the angle or scale of an object. By sequentially scanning different filters, not only can the rotation effect be obviated but the rotation angle can be identified and then forwarded to some robot to pick up the object at the correct rotation angle. Because optical correlators are real-time, processor scanning of different filters can be performed precisely and rapidly. In the same way a change of scale can be evaluated in order to perform the correct classification (if both objects are of different sizes) or to perform the correct adjustment of the depth (if the change of scale corresponds to a distance change).
Target tracking
Target tracking has been for a long time the preferred function of optical correlators and is probably still the most studied. In this application, filters have usually to be designed to improve the robustness of the correlation with scale, rotation and distortion (that is the uniformity of the correlation peak value with aspect changes). Such improvement is possible with different techniques such as composite filters (Caufield and Maloney, 1969) or mathematical invariant expansions (Hsu and Arsenault, 1982) . A composite filter is created by adding multiple reference templates and then performing the Fourier transform on this multiple reference object. For instance the in-plane rotation tolerance (~10ë) of a phase-only filter can be improved by adding different rotations of this object. For instance adding four different ten-degreerotated versions of the same object can provide around 40ë of rotation invariance. In the same way, the addition of two completely different objects in the same reference template provides a filter that can recognise or detect the two different targets under the same identity. Usually between two to nine objects can be multiplexed on the same reference template. Using more than nine templates will usually reduce discrimination between targets and decoys and the overall diffraction efficiency.
Another solution to invariant pattern recognition consists of expanding the reference template into mathematical invariant primitives. This nice solution can do very well for complete invariance on one aspect, rotation for instance. The drawback of these methods is usually the reduction of discrimination and the reduction of diffraction efficiency. Other formal mathematical treatments of the filter generation process can be used to optimise deeper the computation of a filter but a lot of applications can be performed with basic image addition and subtraction.
Plates 2 and 3 show the target tracking operation with an optical correlator. Plate 2 contains different vehicles in front of a nonuniform background and higher white intensities in the front. A filter has been designed with a single car to recognise it. Also the same scene is presented to the correlator but where one car is almost fully occluded with a jeep.
Plate 3 shows the result of the correlation and a three-dimensional plot of the correlation peaks. From these images it can be seen that the correlator correctly identified the two cars and their positions even within the complex background, and that the jeep was also correctly discriminated. The white foreground produced lower correlation peaks than the cars even though its light intensity is higher than the cars. Moreover, the occluded car is identified with the partial information visible from the camera although it is mostly occluded. The value of the correlation peak is lower than the value of the visible car indicating that the information is not complete. The same principle can be used for quality control where a broken object will produce lower correlation values.
Optics versus electronic
This optical correlator can presently perform full complex correlations at 30 frames/sec. This speed includes all multiplication and squaring operations. One can distinguish between two operations realised with correlation. The first one is the use of correlation to recognise an object in which the filter is designed from an input image and the correlation performed by a Fourier transform. This case refers to recognition, target tracking, position, rotation and scale evaluation together with quality control. In this case the commercially available FFT boards (which usually perform real FTT rather than complex FFT) can perform around five to six frames/sec. assuming that the board communications within all the operations are straightforward.
The other kind of correlation operation is filtering which can be divided into two parts. The first one, complex filtering (large kernels or frequency filter based filtering which refers to defect detection), is generally accomplished with Fourier transform operations where optical correlation performs faster processing as previously mentioned.
The second, simple filtering with kernel such as Sobel or Roberts, can be found in vision tasks mainly for pre-processing operations such as edge or contour detection. These operations are performed with small kernels (usually 3 Â 3 or 5 Â 5 pixels). In this case the operation is performed with simple convolution algorithms (integration of all the values in the window Â a mask value). Some electronic boards and software are able to provide real-time capabilities for these kinds of simple filtering operations.
However, because correlation is a linear operator both the filtering operation and recognition operations can be combined into one filter. Basically a correlation is performed by multiplying the input Fourier transform with a recorded Fourier transform; if the recorded Fourier transform itself is generated by the multiplication of two Fourier transforms, one for filtering and one for recognition, then the overall operation is to sequentially perform filtering and correlation on the same image within a single frame. Thus in operations requiring a filtering operation prior to the recognition, the operation resumes into a single correlation and the optical correlation is faster than the electronic equivalent.
It is obvious that both optics and electronics will increase speed in the future. Increasing the speed of optics can be twofold, increasing the dimension of the image where the gain is proportional to the square of the dimension, and in time which means increasing the refreshing rate of the LCDs. In both cases the light computes the information, so the Plate 3 Optical correlations obtained with the images of Plate 2. Top: correlation planes, bottom: three-dimensional plots of the correlation planes. Left: the images with the two cars entirely separated. Right: the rightmost correlation peak corresponding to the occluded car. The white foreground correlation corresponds to the small hill behind the correlation peaks Plate 2 Different vehicles with complex background and white foreground showing high intensity. Left: objects well separated; right: one of the cars to be detected is occluded by a jeep challenge is strictly to input and output the data. On the electronic side the speed can be mainly improved by increasing the clock frequency. Considering this and comparing the present processing time of optics (despite its recent introduction on the market) to the processing time of electronics (despite its comparatively long presence on the market), one can at least say that the future is promising for optics technology.
Conclusion
Optical correlators are now moving into industry for quality-control applications. Despite the fact that the correlator is a dedicated processor, many different applications can be addressed with success. The specific application will dictate the mode of operation of the correlator from one part but also the design process of the filter. In most cases, excellent results can be obtained with simple image editing of the object to be analysed. With their enhanced compatibility and real-time processing capabilities, optical correlators are expected to find more and more practical industrial applications in the near future.
